ABSTRACT. Group B streptococcal sepsis in newborns produces pulmonary arterial hypertension and hypoxemia. The purpose of this study was to investigate the mechanisms by which hypoxemia occurs. Ten anesthetized, ventilated piglets were infused with 2 x lo9 colony forming unitstkg of Group B streptococci over a 30-min period. Pulmonary arterial pressure rose from 14 ? 2.8 to 3 8 ? 6.7 torr after 20 min of the bacterial infusion ( p < 0.01).
gas elimination technique was used to detect increases in shunt and alterations in ventilation-perfusiou matching. Intrapulmonary shunt did not increase during or after the infusion with group B streptococci. However, there was a significant increase ( p <. 0.05) in the S D of pulmonary blood flow, an index of VA/Q mismatching, 20 min after initiation of the infusion of bacteria. All the above changes reverted toward baseline during the 2-h period following discontinuation of the infusion. We conclude that the hypoxemia occurring in the early phase of group B streptococcal sepsis does not develop solely because of increased shunt, but rather is produced by a decline in cardiac output in conjunction with mismatching of pulmonary perfusion to alveolar ventilation. (Pediatr Res 19: 922-926, 1985) Abbreviations GBS, Group B streptococcal Ppa, pulmonary arterial pressure PVR, pulmonary vascular resistance Qp, pulmonary blood flow VA/Q, ventilation-perfusion ratio P,02, mixed venous Po2 obtained from GBS (5, 6) . Arterial Poz fell by 9 torr in association with the increase in pulmonary arterial pressure (4). In contrast, the neonatal piglet infused with GBS demonstrated both pulmonary arterial hypertension and profound arterial hypoxemia (7). These results suggest that the neonatal pulmonary vasculature may respond to bacteremia differently from that of adults.
The relationship between Ppa and the matching of alveolar ventilation and pulmonary perfusion, a major determinant of arterial oxygenation during room air breathing (8), has not been studied in newborns. The predictable rise in Ppa with an infusion of group B streptococcus offers an opportunity to delineate the relationship between pulmonary gas exchange and pulmonary hernodynamics and to understand the cause of hypoxemia during sepsis in the neonate. Newborn animals are likely to have some degree of intrapulmonary shunt (9). A rise in Ppa and PVR might increase shunt, if the rise in PVR is produced by constriction of relaxed pulmonary vessels located within well-ventilated regions of the lung (lo), rather than by vessels that are constricted in regions of alveolar hypoxia. The altered relationship between resistance to flow in shunt and nonshunt associated areas would result in increased flow to shunt vessels.
This study tested the hypothesis that arterial hypoxemia associated with the acute rise in Ppa during the early stages of GBS sepsis in newborns is caused primarily by an increase in intrapulmonary shunt.
MATERIALS A N D METHODS
Animal preparation and monitoring. Ten piglets, days and mean weight 3.2 kg (weight range 2.6-4.2 kg) were anesthetized with intravenous pentobarbital (25 mg/kg) and studied in the supine position. Supplemental doses of pentobarbital (5 mg/kg) were administered hourly to maintain anesthesia throughout the study. Core temperature, measured with a rectal temperature probe, was maintained at 38 a 0.5" C with a radiant warmer. A triple lumen catheter was placed into the right atrium via the left external jugular vein and a no. 5 Fr. balloon-tipped thermodilution catheter (Edwards Laboratories, Santa Ana, CA) Neonatal GBS infection produces septicemia, shock, and ar-was introduced into the right external jugular vein and positioned terial hypoxemia (I). While the constellation of clinical findings, under fluoroscopy in the left branch pulmonary artery for measrisk factors, and incidence rate of early onset GBS sepsis have urement of pulmonary arterial and capillary wedge pressures and been previously reported (2, 3), the pathophysiologic events blood sampling. A polyethylene catheter (PE-160) was introproducing arterial hypoxemia have not been well studied. Pul-duced into the right internal carotid artery for systemic arterial monary hypertension has been reported in an adult experimental blood sampling and monitoring blood pressure and heart rate. A model infused with live GBS (4) or with polysacchride toxin metal tracheostomy tube was inserted, secured, and connected to a nonrebreathing valve ( 1 1) and a heated 2.5 liter mixed Fig. 1 . Q, and Ppa are plotted. Base means baseline conditions. The slror/ /~tlrabove GBS on the ~/~.cci.ctu indicates the 30-min infusion time of the group B streptococci. Post-GBS refers to the 2-h period following the end of the bacter~al infusion. ** 11 < 0.02 compared to baseline. * 11 < 0.05 compared to baseline.
SD.

RESULTS
Mean pulmonary arterial pressure increased immediately upon initiation o f the infusion o f GBS and reached a maximum v a l~~e within 5 rnin after the onset o f the infusion. Mean Ppa increased from a baseline value o f 14.2 k 2.8 to 37.6 2 6.7 torr, ( p < 0.0 I) after infusing bacteria for 20 min (Fig. 1). Mean Ppa then returned toward preinfusion values after discontinuing the infusion. Q, fell to 65% o f baseline values 20 min after beginning the infusion ( p < 0.02) (Fig. 1). This occurred uniformly in every animal. Heart rate was increased 20 rnin after beginning the
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Heart rate (bpm) Calculated stroke volume (ml) infusion and at 1 h and 2 h after discontinuing the infusion compared to the baseline heart rates ( Table 1) . Calculated stroke volume was significantly reduced during the infusion and at 2 h after ending the infusion (Table I) . PVR was increased by 545% above baseline values during the infusion ( p < 0.00 I), but also returned toward baseline after the Arterial Po2 decreased by an average of 40 torr ( p < 0.02) and mixed venous Po2 decreased by 11 torr ( p < 0.05) 20 min into the infusion of the bacteria (Fig. 3) . Both returned to baseline following the bacterial infusion. Arterial pH and Pco2 did not change significantly during the study from baseline values of 7.47 + 0.04 and 36 + 4 torr, respectively.
Mean shunt fraction was not significantly different from the baseline value at any time (Fig. 4 ). An increase in shunt fraction from 2 to 9% did develop in two of the 10 animals during the infusion and in one animal 20 min after the infusion was discontinued. In the remainder, the maximum shunt was <6%.
The SD Q,, the index of ventilation-perfusion heterogeneity, was significantly increased only during the bacterial infusion ( p < 0.05), and then returned toward preinfusion values following discontinuation of the infusion (Fig. 4) . Figure 5 depicts a typical VA/Q pattern before the bacterial infusion and 20 min into the infusion, illustrating the change in the pattern of Q, distribution with an overall broadening of the perfusion pattern.
Mean and peak airway pressures were 5 + 2 and 14 + 3 cm H20, respectively, at baseline. Neither changed significantly at any experimental time during the experiment.
Blood cultures were obtained prior to the bacterial infusion and were sterile in all cases. Quantitative blood cultures obtained immediately following the bacterial infusion, and 2 h after the end of the infusion, grew 5 x lo4 and 1 x lo2 colony forming units per milliliter, respectively. infusion was stopped (Fig. 2) . Pulmonary capillary wedge pressure was significantly increased during the GBS infusion com-DISCUSSION pared to baseline (9.7 + 2.6 versz1.s 5.1 + 2.1 torr, p < 0.01) but
Neonatal piglets in this study demonstrated the expected rapid returned to baseline values after the infusion. The mean systemic onset and large increase in pulmonary arterial pressure and arterial pressure of 93 -t 8 torr at baseline did not vary signifi-development of arterial hypoxemia during a 30-m~n infusion of cantly at any sampling time.
GBS. Additionally, they exhibited a decrease in Q, and mixed venous Po2. They also demonstrated a transient increase in the degree of ventilation-perfusion mismatching. Although there was a trend toward an increase in shunt, no statistically significant increase was detected. A larger mean increase in shunt might have occurred if the PVR of vasculature associated with ventilated lung areas had increased compared to the initially higher PVR in the vasculature associated with poorly ventilated areas. These data partially refute the hypothesis that hypoxemia in this model is due exclusively to increased shunt. Rather, hypoxemia results from mismatching of pulmonary perfusion to ventilated lung units, and from a substantial decline in cardiac output and in mixed venous Po2. With unchanging tissue oxygen extraction, a decreased cardiac output results in a lower Pvo2. AS blood with this lower Pvo2 perfuses unventilated or very poorly ventilated lung units, less than complete hemoglobin saturation occurs and the resultant pulmonary venous and systemic arterial Po2 will be depressed assuming some degree of venous admixture is already present (2 1 ).
The present results imply diminished capacity for maintenance of ventilation-perfusion relationships in newborns when an abrupt increase in Ppa and fall in Q, develop. The 2% shunt found with baseline conditions (Fig. 4) was less than that found in 1-day-old lambs (9). These differences suggest improved matching of ventilation with pulmonary perfusion during the first 2 wk of life.
The cause of the transient alteration in v A / Q matching is not clear. Had pulmonary edema developed as part of the pulmonary arterial hypertension, a sustained increase in low VA/Q areas might have been expected, as fluid in small airways should raise resistance to airflow and diminish ventilation to gas exchange areas distal in those ainvays. However, the transient nature and reversibility of the VA/Q mismatching and improvement in arterial Po2 argues against an increase in extravascular lung water. Lava et ul. (22) have shown in adult pigs that elevated Ppa t'o greater than twice normal by continuous bacterial infusion promotes extravascular lung water formation only after several hours of continuous bacterial infusion. Once developed, the increased extravascular lung water did not resolve within 12 to 24 h. Edema formation should diminish lung compliance, which in our anesthetized, paralyzed model, should result in increased ainvay pressure to deliver the same fixed tidal volume. N o change in airway pressure was noted at any time during the experimen-t. However, it is possible that the degree of bronchoconstriction in some small airways was increased by the GBS infusion and that this effect could be masked by the relatively large tidal volumes and slow ventilatory rates used in the experiment. Use of the inert gas technique does .not allow anatomic correlations with the shunt and low VA/Q areas. We speculate that perfusion redistribution rather than ventilation redistribution produced the VA/Q effect noted. This transient change in VA/Q matching appeared to be reversing while some degree of pulmonary arterial hypertension persisted (Figs. 1 and 4) .
The multiple inert gas elimination technique allows serial assessment of pulmonary gas exchange, providing data not easily obtained in other ways. Shunt measurement normally requires the use of 100% O2 breathing, which may significantly alter the underlying lung conditions resulting in overestimate of shun-t, especially in newborns (23). Use of tracer inert gases obivates the need for 100% O2 breathing to differentiate shunt from venous admixture. The S D Q, was used as the index of VA/Q mismatching since it reflects the fractional distribution of Q, to lung areas with different VA/Q ratios. The, index should be sensitive to increases in perfusion to low VA/Q areas (1 8). Lung regions with VA/Q < I are those most likely to contribute to development of hypoxemia (8). Therefore, changes in SD Q, should reflect changes in the magnitude of low VA/Q areas, which contribute to the development of hypoxemia.
Intrapulmonary shunt did not increase significantly for the group of animals as a whole. In three animals shunt increase'd from 2 to 9% with GBS infusion, and in three animals there wa.s a slight decrease in shunt. The measured inert gas shunt wa.s intrapulmonary, with no contribution from a potential right to left shunt via the ductus arteriosus since the mixed venous sample used to calculate inert gas shunt was obtained distal to the point of attachment of the ductus arteriosus to the pulmonary artery and the arterial sample was preductal. Furthermore, during the increase in Ppa, the peak pulmonary arterial systolic pressure was always less than the sytemic arterial diastolic pressure. Based on this pressure differential, it is unlikely that there was any significant ductal contribution to shunt fraction, or any right to left flow via the foramen ovale. Ductal flow during room air breathing in pigs has been shown to become minimal by 48 h (24). The piglets in the present study were all at least 10 days old.
The abrupt fall in Q, associated with onset of the bacterial infusion is not easily explained. Reduction in Q, does not occur
